The use of a large arterial implant into the myocardium as a source of collateral blood supply was first practiced by Vineberg1 and numerous reports suggesting the utility of the procedure have continued to come from his laboratory."6 Flow measurements have been attempted by Vineberge and by subsequent workers such as Bakst8 and Fuquay9 but these have the disadvantage of requiring an open chest or of actually interrupting the coronary vessels. The aim of the present experiments was to establish by an objective method in relatively intact animals whether an implanted systemic artery is capable of delivering a measurable quantity of blood to the myocardium. The method, based on a dye-distribution principle, had been developed in this laboratory for the study of collateral circulation induced by cardiopneumonopexy after ligature of the pulmonary artery.10
The artery implanted was the splenic rather than the internal mammary, merely because the dye method is applicable only to collateral vessels taking origin in the aorta at a distance from the coronary arteries themselves.
METHODS
Operative procedures: The operation was carried out in mongrel dogs weighing from 11.5 to 21 kg. under sodium pentobarbital (Nembutal® ) anesthesia in doses of approximately 35 mg. per kg. A Burns valve between an oxygen tank and an intratracheal cannula was used for inflation of the lungs under positive pressure. A midsternal incision was extended into the upper abdomen to permit access to the spleen with its vessels as well as to the heart. A splenectomy was performed and the splenic artery was brought up posteriorly of the stomach through the diaphragm with minimal manipulation. The pericardial sac was opened and a tunnel was created in the anterior wall of the left ventricle as originally described by Vineberg.1 A nick was made in the splenic artery 1-2 cm. from its distal end and the vessel was pulled into this tunnel, its end * Present address: Department of Surgery, University of California at Los Angeles and Harbor General Hospital. fixed to the heart by a suture and its freely bleeding portion left within the myocardium. Hematomata were not observed. The animals were given 0.2 gm. of streptomycin and 500,000 units of procaine penicillin G on the day of operation and on each of five days postoperatively.
Principles and techniques of measurement of collateral blood flow: The collateral blood flow was measured from 11X2 to 30 months after operation in accordance with principles previously outlined.'0 In this procedure the animals were anesthetized with sodium pentobarbital in doses of 30 mg/kg. intravenously. Radiopaque catheters were introduced as indicated in Figure 1 Figure 2 . The coronary venous system is visualized. ." through catheter D, the end of which was in a position distal to the coronary arteries but above the origin of the splenic artery, the presumed source of the collateral blood flow to be measured. The peak concentration (Y) of the dye in the aorta was determined by sampling through catheter No. 3, and the peak concentration (Z) in the coronary sinus was determined simultaneously in blood withdrawn through catheter No. 1. Y and Z must be measured before there is recirculation of dye to the ascending aorta and orifices of the coronary arteries, and this time was established by a dye concentration curve obtained through catheter No. 4 which also controls the possibility of contamination of blood in the proximal aorta by "splashback." Collateral blood flow (CBF) as a percentage of total coronary blood flow (TBF) was then represented by 100 Z, on the assumption that the magnitude of Z would be the same as that of Y if the collateral vessels were the only source of blood to the heart. This procedure was called the "peak method." By measuring the area beneath the exactly corresponding segments of the dye concentration curves some extension in time of these observations could be obtained ("area method"). Reasons for attempting this estimate were given in a previous paper.'0 Since total coronary blood flow (TBF) per minute per 100 gm. heart muscle can be determined by the nitrous oxide methodnu as applied by Bing and his associates'-' and by others,'7 CBF was estimated in absolute terms by applying the percentage obtained to the TBF. Catheter No. 1 was provided with a balloon which was inflated during the sampling procedure in order to prevent retrograde withdrawal of blood from the right atrium. This was necessary since the right atrium quickly receives blood from the aorta, as has previously been established in this laboratory.'0 The function of catheter No. 2 was to provide a dye concentration curve for the right atrium to compare with that in the coronary sinus. Details of the method of sampling and analysis for T-1824 dye concentration are given elsewhere.'0
Crucial to the validity of the procedure is the position of the catheter in the coronary sinus. This was first established fluoroscopically. The position was further confirmed by comparison of the blood sample from the coronary sinus catheter with one from the right atrium; the coronary sinus blood was invariably much more desaturated.
Further, upon inflating the balloon on the coronary sinus catheter, there was a sharp rise in pressure when the catheter was correctly placed. At the end of the procedure a coronary sinus angiogram was made by inflating the balloon and injecting several cubic centimeters of the contrast medium through it retrogradely into the coronary venous system (Figs. 2 and 3 ). This procedure at once established not only the position of the catheter but also the competence of the balloon in separating the coronary sinus samples from the right atrial blood samples. In one animal, the sinus catheter was left in place and its position was confirmed at necropsy.
Angiography: The details of the method used for the angiographic studies have been described.10 Angiography was performed in four animals by introducing 70 per cent Urokon via a polyethylene catheter in the position of catheter D in Figure 1 . With the animals in the left lateral position radiographic exposures were made at 0.7-second intervals. This was the final physiologic study performed prior to the sacrifice of the animals and the preparation of the casts. It was hoped that in the study of the vessels a correlation between the angiograms and the vinylite casts could be made, as in previous work on the cardiopneumonopexy.'0"8 Procedures at necropsy: Necropsy was performed in stages with the least possible disturbance of the relationships of the structures. The thoracic contents were exposed by carefully reopening the midsternal incision. The incision of the pericardial sac was begun near the great vessels and extended toward the apex of the heart only if adhesions in this region were absent or minimal. The inevitable adhesions in the region of the myocardial tunnel were left undisturbed. The aorta was then transected approximately one centimeter above the heart. It was also approached and transected in the midabdomen well below the celiac axis without removing the viscera. The celiac axis was cannulated from within the aorta by means of a polyethylene catheter with a flared end which was tied into place. The distal branches of the celiac axis, except the splenic, were ligated and air was introduced under slight pressure through the cannula. Bubbling from the orifices of the coronary arteries in the sinuses of Valsalva indicated connections with the branches of the coronary arteries. Water, air, acetone, air, and seven per cent vinyl plastic in acetone colored with carbon black were introduced in that order. The cannula was then removed, leaving the end of the celiac axis open within the aorta. The latter was tied below the origin of the celiac axis and black 27 per cent plastic was introduced from the cut end in the thorax. Thus the celiac axis remained in continuity with the injected aorta in the final cast. The coronary arteries were next filled with red plastic, the cardiac chambers with green, and the tracheobronchial tree with 27 per cent white material in the fashion described in detail elsewhere.`8~' This last procedure was simply to provide suitable support for the other structures. This was carried out by passing straightened-out safety pins through the aorta to affix it to the left main bronchus and trachea, and also through and among branches of the bronchi into the plastic mass in the cardiac chambers. A complete cast like that in Figure 4 resulted.
OBSERVATIONS
Collateral blood flow to the mnyocardium The results of the collateral blood flow studies are summarized in Table 1 . A significant rise in dye concentration (in excess of 0.2 mg/100 ml.) prior to recirculation was evident in five of seven animals of the experimental group. The data obtained in duplicate experiments done five days apart agreed remarkably well, which tends to lend validity to the method. In three animals death occurred before the second study could be performed. In five animals the flows ranged from 2.8 to 8.5 per cent of the total coronary blood flow by the peak method and from 3.7 to 12 per cent of the total coronary flow by the area method.
In two animals, dogs 425 and 426, the flows were considered to be within the range of control values and in these the splenic artery was later found to have become occluded. In a series of control dogs reported in connection with another experiment calculated in the same fashion, the flow did not exceed 0.6 per cent by the peak method, nor 1.4 per cent by the area method.' 
Angiography
The angiographic findings are recorded in Table 2 . Filling of the celiac artery occurred early in most animals, in three dogs at 0.6 seconds, and at 1.2 seconds in dog 428. The proximal portion of the splenic artery was visible at 1.2 seconds in most animals, but at 1.8 seconds in dog 428. The distal portion of the splenic artery could be seen at from 3.0 to 3.6 seconds (Fig. 5) . In all but one animal the splenic artery could be discerned approaching the heart shadow at 4.2 seconds. It was hoped that the passage of dye could be traced into the coronary system via the collaterals, but in no animal was this possible. It is likely that the dilution of contrast medium was too great to be visible in the smaller branches, if any of the material in fact reached the coronary circulation.
Anatomical observations
The observations at necropsy are summarized in Table 3 . The region of entrance of the splenic artery into the myocardium was surrounded by fibrous tissue. During the preparation of the vinylite casts, air and water passed easily via the splenic artery into the coronary system in all but two animals, dogs 425 and 426. In these two dogs there had not been evidence of collateral blood flow by the dye distribution method.
Two types of collaterals were demonstrated, splenic and intercoronary. In three of the dogs, branches of the injected splenic artery could be seen among the coronary twigs (Fig. 4) , but no direct connections were found in the casts. In two of these animals, dogs 5 injection, but intramyocardial branches from the splenic artery were not injected with the vinyl plastic. This would indicate that the anastomoses, if present, were less than 50 in diameter.
In dog 425, there was opacification of the proximal portion of the splenic artery in the angiogram, but neither air nor fluid could be passed through it into the coronary artery at necropsy, and the splenic appeared occluded near its attachment to the myocardium.
Intercoronary collaterals were seen in all but one dog, No. 426. This is in agreement with other, observations that almost any surgical procedure upon the heart stimulates the development of this type of collateral.
DISCUSSION
It is indeed surprising that a large artery introduced into the myocardium can become the source of sprouting vessels that establish functioning connections with branches of the coronary artery. Detailed microangiographic observations by Bellman and FrankO have extended earlier work on the establishment of connections between the internal mammary and coronary arteries. These branches were found to occur near the distal end of the implanted artery, rather than where it had been incised. They remained open without evidence of growth or disappearance for at least nine months after implantation. In the present experiments evidence of maintained patency of the splenic rather than of the internal mammary was demonstrated. Sabiston, et al.' had also found that the carotid artery when introduced into a myocardial tunnel almost always remained patent while arterial implants into other organs such as liver, spleen or sternomastoid became occluded.
The need for adequate injection procedures is evident. Only by this method can the various possible channels be demonstrated. In the present animals intercoronary anastomoses were found. In addition to intramyocardial branches of the implanted artery "retrocardiac" arteries, which become remarkably expanded after certain other operations on the heart, 8 were not found to be enlarged after the implantation procedure. Bellman and Frank did not find transpericardial collaterals other than those derived from the internal mammary artery in their experiments.'
The splenic artery has the advantage of permitting an objective measurement with some approach to quantitation of collateral blood flow to the myocardium in relatively intact animals. The flow values of from 2.9 to 7.4 ml/min. can be compared with those of others. Vineberg and associates"'7 made flow measurements in the implanted internal mammary artery using a graduated burette filled with blood under a constant head of pressure. implanted internal mammary and subclavian arteries into the myocardium and measured the flows with a bubble flowmeter. In two dogs with patent internal mammary implants the flow through the vessel toward the heart was less than 1 cc/min. Flows in the subclavian implant group varied from less than 1 cc. to 15.2 cc/min. In both groups when the proximal end of the collateral vessel was severed, the blood flowed in reverse, indicating patency of the coronary arteries in the heart. Sabiston, et al.'2 by injecting saline or blood into the implanted carotid artery under controlled pressure found the flows to be small usually, but in some animals when the infusion pressure was high they were in excess of 10 ml/min. No significant change was observed in total coronary sinus blood flow by occlusion of the carotid implant. The methods employed by Buller and Vineberg,7 and by Fuquay and co-workers9 involved major disturbances of the integrity of the thorax and of pressure relationships. Those of Bakste have not only these deficiencies, but could not serve to distinguish between collateral flow from intercoronary anastomoses such as were often demonstrated in our dogs. The only congruence among these reports is that under particular conditions blood flow from an implanted systemic artery to the coronary arteries is possible.
SUMMARY
When a large systemic artery is implanted into the myocardium it can establish functional connections with the coronary arteries. We have estimated, by the use of a dye distribution method, that even when the coronary artery remains patent, as much as 8.5 per cent of the total coronary blood flow can come from an implanted splenic artery. These observations in general confirm by the use of an objective method in relatively intact animals results of others who used other systemic arteries.
